We have measured the levels of glycosphingolipids and the activity of glycosphingolipid glycosyltransferases in human aortic intima and media from patients who died of atherosclerosis. The effects of lactosylceramide (LacCer) and glucosylceramide (GlcCer) from plaque intima on smooth muscle cell proliferation were assessed. When the GlcCer data was expressed as (ug GlcCer/mg cholesterol and/mg total phospholipid, a 28-fold and 7-fold increase in plaque intima compared to normal intima was observed. Similarly, the level of LacCer was elevated 5-fold and 4-fold, respectively, compared to unaffected intima. The activity of UDPGlcCer: ceramide pi->4 glucosyltransferase (GlcT-1) was similar in unaffected tissue, fatty streaks, and plaques. However, the activity of UDP-galactose: GlcCer, pi-»4 galactosyltransferase (GalT-2) activity was moderately higher in plaque than in unaffected tissue. LacCer, but not GlcCer derived from plaque intima exerted a -2.8-fold increase in the proliferation of human aortic smooth muscle cells grown in tissue culture compared to control presumably due to a marked increase in LacCer molecular species containing C16:0, C22:l, and C24:0 fatty acids in plaque intima compared to control. In sum, our findings provide an interesting and novel pathogenic mechanism of lactosylceramide mediated plaque formation via stimulation of aortic smooth muscle cell proliferation.
Introduction
Atherosclerosis is the number one killer of mankind in developed and rapidly developing countries (Ross, 1993) . Although, this is a multifactorial disease involving gross changes in the biology of the vascular wall, the proliferation of aortic smooth muscle cells is considered a hallmark in the pathogenesis of atherosclerosis. Our laboratory has recently shown that exogeneously added oxidized human plasma low density lipoproteins (Ox-LDL) and lactosylceramide both can independently stimulate the proliferation of aortic smooth muscle cells grown in tissue culture (Chatterjee, 1991 (Chatterjee, , 1992 . Moreover, our studies indicate that Ox-LDL can exert a time and concentrationdependent stimulation of the activity of a galactosyltransferase implicated in the synthesis of lactosylceramide (Chatterjee and Ghosh, 1996) . Accordingly, it was deemed reasonable to investigate the glycosphingolipids (GSLs) in affected and unaffected human aorta tissue of individuals who died with atherosclerosis at The Johns Hopkins Hospital. To assess the pathophysiological role of intima GSLs, we have measured their effects on the proliferation of cultured human aortic smooth muscle cells.
This investigation of a limited number of samples suggests that glycosphingolipid levels, specifically glucosylceramide and lactosylceramide, are markedly higher in regions of intima tissue with visible plaque development than in areas free of plaque. Moreover, LacCer from affected intima stimulated the proliferation of cultured human aortic smooth muscle cell. However, the stimulation by plaque LacCer was several fold higher.
Results

Comparison of content of glycosphingolipids in intima and media in unaffected (normal), and plaques from patients with atherosclerosis on the basis of cholesterol and phospholipids
Since cholesterol and phospholipids are integral components of membranes as well as plaque, we have expressed our GSL data on the basis of levels of these lipids in affected and unaffected aortic tissues. The levels of GlcCer in plaque intima was elevated 28-fold ( Figure 1 ) and 7-fold (Figure 2 ), respectively, compared to unaffected intima. The level of LacCer was elevated in plaque intima 5-fold ( Figure 1 ) and 4-fold (Figure 2 ), respectively, compared to unaffected intima. The levels of GbOs^Cer were decreased in plaque intima compared to unaffected intima when data was expressed as p-g/mg cholesterol (Figure 1 ), but increased when expressed as (ig/mg phospholipid (Figure 2) . Interestingly, when the GbOse 4 Cer data was expressed/mg cholesterol or phospholipid, none was found in the intima, but a marked increase was found in plaque media as compared to unaffected media. Free cholesterol and phospholipid contents of affected and unaffected aortic intima, media tissues are presented in Table I . LacCer in these cells was about 14-fold lower than GlcCer. Barely detectable level of GbOse 4 Cer was found in smooth muscle cells (Figure 3 ). Human plasma Ox-LDL had about 3-fold higher levels of GlcCer than LacCer. The level of GbOsejCer was very low and GbOse 4 Cer was not detectable in Ox-LDL (Figure 3 ).
Analysis of TMSi-sugars by GC-mass spectrometry
GC-mass spectrometric analysis of sugars derived from lactosylceramide revealed a ratio of approximately 1:1 for galactose and glucose. The mass chromatograms were similar to standard TMSi-glucose and TMSi galactose. They contained ion m/z 204 and common ions representative of all sugars (data not shown).
Distribution of fatty acids in LacCer derived from normal (unaffected) intima, plaque and calcified plaque intima
As shown in Figure 4 (top and bottom panels), we found that compared to LacCer derived from normal (unaffected tissue) intima, the LacCer from plaque intima contained a higher level of C16:0, C22:0, C22:l, and C24:0 fatty acids. In addition, the levels of fatty acids such as C18:0 and C18:l were markedly decreased in LacCer from plaque intima compared to unaffected intima LacCer. Moreover, several fatty acids present in LacCer of normal tissue intima were absent in LacCer derived from plaque intima. These fatty acids were C16:l, C18:2, C20: 1, and C17:0 ( Figure 4 , top and bottom panels).
Distribution of fatty acids in LacCer derived from platelets, monocytes, and oxidized LDL
The predominant fatty acids in LacCer of these samples were C16:0, C18:0 and C20:4 and the minor fatty acids were C14:0, C17:0, C18:l, C18:2, and C24:0 ( Figure 5 ). In general, the fatty acid composition of LacCer derived from platelets, monocytes and Ox-LDL was similar ( Figure 5 ). We did not observe any significant difference in the fatty acid composition of LacCer derived from platelets and monocytes. However, the levels of C16:0, C17:0, C18:0, and C18:2 were moderately higher in LacCer derived from Ox-LDL compared to platelets and monocytes LacCer. In contrast, the levels of several unsaturated fatty acids (C18:l and C20:4) in LacCer derived from Ox-LDL were lower compared to platelets, and monocytes LacCer ( Figure 5 ).
Activity of various glycosphingolipid glycosyltransferases, and glycosidases
We found that the activities of GlcT-1 and LacCer (31->4 galactosidase were similar in unaffected aorta and plaque in- Free cholesterol and phospholipid content of unaffected and affected human aortic intima and media (N = 3). Free cholesterol was measured in normal, plaque and calcified plaque intima, media by GLC. The phospholipids from normal, plaque and calcified plaque intima and media were separated on TLC plates and quantified by densitometric scanning. Values are mean ± SD of three separate samples. 'Significantly different as compared to control (P < 0.05).
tima (data not shown). However, the activity of GalT-2 was higher in plaques than in unaffected aorta (Table H) . These data suggest that the increased levels of lactosylceramide in plaques compared to unaffected tissue was not due to enhanced degradation of complex glycosphingolipids, but in part, due to enhanced synthesis. An increase in the absorption of the glycolipids from plasma or platelets could conceivably contribute to increased levels of LacCer in the affected plaque.
Effects of glycosphingolipids on the proliferation of human aortic smooth muscle cells When human smooth muscle cells were incubated with GlcCer and LacCer from various sources stimulation in the proliferation of cells was observed. An increase in [
3 H]-thymidine incorporation on the order of 1.5-fold, 1.4-fold, and 1.4-fold, respectively, with plaque GlcCer, Gaucher's GlcCer, and stearoyl LacCer, was observed as compared to control ( Figure 6 ). The most striking observation was that LacCer derived from plaque intima exerted the highest increase (~2.8-fold) in the incorporation of [ 3 H]-thymidine into DNA as compared to control ( Figure 6 ).
Discussion
The major findings in this study are: first, the levels of glucosylceramide and lactosylceramide are markedly elevated in a descending order in plaque intima and calcified plaque intima compared to unaffected intima. Second, this was accompanied by a moderately high activity of LacCer synthetase (GalT-2). Third, LacCer derived from plaque intima stimulated the proliferation of aortic smooth muscle cells higher than GlcCer from the same tissue.
A previous study showed the presence of large amounts of glucosylceramide and lactosylceramide in affected intima, but not in unaffected intima in patients who died of myocardial infarction (Prokazova et al., 1987 (Prokazova et al., , 1989 . However, we found that the unaffected intima and media contained significant amounts of GlcCer and LacCer. One reason for the discrepancy in these two studies may relate to the use of different methodology for the quantitation of GSLs. In the present report perbenzoylated GSLs were quantified by HPLC and were subjected to computer assisted quantitation. In contrast, the previous report used densitometric scanning of charred lipids separated on TLC plates (Prokazova et al., 1987 (Prokazova et al., , 1989 . The increase in these GSLs occurred in plaque intima irrespective of whether it was calcified or not. Alterations in the level of GbOse3Cer may be due to an increase in the utilization of excess LacCer via UDP-galactose: LacCer, pi-»4 galactosyltransferase (GalT-2) activity or by the catabolism of GbOse 4 Cer due to the action of GbOse 4 Cer N-acetylhexosamidase. The level of GbOse 4 Cer was increased in plaque media, and calcified plaque media, compared to control media. We found that the activity of GlcT-1 in affected plaque was similar to unaffected plaque (data not shown). Therefore, an increase in the level of GlcCer in affected plaque may be due to an increase in the catabolism of LacCer, and an increase in the uptake of GlcCer from plasma lipoproteins and blood cells.
When we analyzed the fatty acid composition of lactosylceramide derived from unaffected intima and plaque intima by GC-MS, we found a marked enrichment in the content of fatty acids, such as C16:0, C22:0, C22:l, and C24:0. In contrast, a reduction in C18:l was observed in LacCer derived from plaque. Our observation is consistent with previous work on the fatty acid composition of LacCer derived from LDL (Chatterjee et al., 1976) and of sphingomyelin in plaque (Small, 1988) and suggests that a common pool of ceramide may be shared by these two sphingolipids. At the present time, we are unsure of the origin of these saturated fatty acids contained in lactosylceramide derived from plaque intima. Clearly, this does not exactly resemble the fatty acid composition in platelets, monocytes, and Ox-LDL which constitute the aortic plaques (Ross, 1993) . We have previously published the fatty acid composition of LacCer derived from LDL (Chatterjee and Kwiterovich, 1976) . The predominant fatty acids were: C16:0, C18:0, and C24:0. Several unsaturated fatty acids but not hydroxy fatty acids or C17:0 were found. However, the overall fatty acid composition of LacCer from human aortic plaque intima and that of Ox-LDL is similar except that the level of C20:4 was elevated in Ox-LDL. Moreover, we speculate based on published literature that an increase in the levels of both Ox-LDL and smooth muscle cell specific a-actin in the plaque, in part, may contribute toward the higher levels of lactosylceramide in plaque intima compared to unaffected intima. In additional studies (Chatterjee and Ghosh, 1996) , we found that Ox-LDL exerted a time and concentration-dependent stimulation in the activity of GalT-2, but not GlcT-1. In contrast, LDL and HDL did not stimulate GalT-2 activity. Lactosylceramide produced due to the action of Ox-LDL on GalT-2 may have contributed to cell proliferation (see below). The levels of glycosphingolipids in monocytes and platelets has been published previously (Wang and Schick, 1981; Koemer et al., 1992) .
We believe that the above differences in the fatty acid composition of LacCer in plaque intima may be speculated to have a functional role in cell proliferation. We found that LacCer from plaque intima promoted the proliferation of human aortic smooth muscle cells relatively more than stearoyl LacCer. Moreover, that GlcCer from plaque intima did not promote cell proliferation to the same extent as LacCer may be due to the difference in uptake of these two GSLs by these cells or that considerably higher levels of GlcCer are required to stimulate cell proliferation. Our studies reported here and elsewhere (Chatterjee, 1991) suggest that GlcCer plays a pivotal role in promoting cell proliferation by serving as a substrate for the enzyme GalT-2 that is required to synthesize LacCer. The activity of LacCer synthetase (GalT-2) is moderately elevated in The glycosphingolipids were purified as described above. Next, they were subjected to quantitation by HPLC analysis. The data represent average values from a single sample analyzed in duplicate.
plaque intima (Table H) . This phenomena may be explained by observations that first, there is a marked increase in Ox-LDL in plaque intima. Second, we found that Ox-LDL can stimulate the activity of GalT-2, but not GlcT-1 in human aortic smooth muscle cells (Chatterjee and Ghosh, 1996) . Previously, GlcCer has been shown to stimulate the proliferation of a continuous kidney cell line (Madin Darby canine kidney, MDCK; Shayman et al., 1991) . Therefore, the effect of GlcCer on cell proliferation appears to be cell specific. Recent studies have shown that LDL may be trapped within the glycosamino-glycan complex in the endothelial layer, and such LDL may be subject to oxidation by aortic smooth muscle cells (Scanu and Floss, 1990) . Such a mechanism might account for the increased level of Ox-LDL in plaque and Ox-LDL derived LacCer and Ox-LDL mediated activation of GalT-2 that may utilize GlcCer to synthesize LacCer. Taken together, these observations suggest that Ox-LDL directly and/ or indirectly contributes to increased LacCer levels in plaque intima, compared to unaffected aortic tissue. Lactosylceramide in plaque may also originate from lymphocytes, platelets and macrophages since all of these cells contribute to fatty streak, and plaque formation (Ross, 1993) Glycosphingolipid standards from various human tissues were prepared in our laboratory. Other chemicals and reagents were purchased from Sigma Chemical Co. (St. Louis, MO).
Source of tissue
Aortic tissue was obtained from six patients autopsied at The Johns Hopkins Hospital. The tissue was not fixed and had been collected within 12 h of death.
predominant GSL. The GSL composition reported here is a characteristic of many blood cells and aortic cells including endothelial cells (Gillard et al., 1987) .
How LacCer contributes to cell proliferation is not understood from these studies. However, one plausible explanation may be that lactosylceramide stimulate the phosphorylation of mitogen activated protein kinase that in turn, activate protooncogenes such as c-fos and c-jun that lead to the transition of cells from the resting (G o ) phase of the cell cycle to the replicative phase of the (G,-S) leading to cell proliferation (Bhunia et al., 1996) . Table IL Distribution of UDP-Gal, glucosylccramide pi->4 galactosyltransferase (GalT-2) activity in plaques, fatty streaks and unaffected human aorta GalT-2 activity (nmole/mg protein/2 h) Unaffected aorta Fatty streaks Plaques 0.86 ± 0.06 0.86 ±0.10 1.27 ± 0.11* Distribution of UDP-galactose: GlcCer, pi->4 galactosyltransferase (GalT-2) activity in plaques, fatty streaks, and unaffected human aorta (N •= 3). Unaffected aorta, fatty streaks and plaques from the thoracic aorta of patients who died of atherosclerosis were dissected and immediately minced with cacodylate buffer (pH 6.8). Suitable aliquots of homogenates were solubilized in IN NaOH to measure protein content. Samples were also withdrawn for the assay of GalT-2 employing glucosylceramide as a receptor and [
Materials and methods
I4 C]-UDP-galactose as galactose donor (Chatterjee et al., 1988) . Values are mean ± SD of three separate samples.
•Significantly different as compared to control (P < 0.05). Fig. 6 . Effects of glucosylceramide, and lactosylceramide on the proliferation of human aortic smooth muscle cells. Human aortic smooth muscle cells (xlO 3 ) were seeded in 96-well trays. After they had reached confluence, the medium was replaced by Ham's F-10 medium (100 |xl). Glucosylceramide, and lactosylcera-mide derived from plaque intima as well as other sources were added to cell culture at a final concentration of 10 (iM. Following incubation for 22 h, 5 u.Ci/ml of [ 3 H]-thymidine was added to each well. Incubation was continued for another 2 h at 37°C. Then, the medium was removed-The cells were washed extensively with phosphate buffered saline. Subsequently, the cells were solubilized in 25 uj of 0.1 M NaOH and radioactivity was measured. 1, Control; 2, plaque GlcCer, 3, Gaucher GlcCer, 4, plaque LacCer; and, 5, stearoyl LacCer (Sigma). Values are mean ± SD of two independent experiments in triplicate. *, Significantly different as compared to control (P < 0.05). **, Not significantly different as compared to control (P > 0.05). (Esselman et al., 1972) and subjected to alkali-catalyzed methanolysis to remove contaminating phospholipids. Purified GSLs were benzoylated with 10% benzoyl chloride in pyridine for 1 h at 60°C. The benzoylated lipids were analyzed by separation on high pressure liquid chromatography and monitored by the measurement of absorbance at 254 nm with a UV absorbance detector (McClure and Ullman, 1980; Chatterjee et al., 1982; Chatlerjee and Yanni, 1986) . GSL levels were determined (with the assistance of a computer program) by measuring the area under each characteristic absorbance peak and correlating this number with standard calibration curves.
100-
Computer assisted calculation of gtycosphingolipid levels
First, we prepared standard curves depicting the peak area values of individual glycosphingolipid at 254 nm versus a weighed standard glycosphingolipid. Equations of straight line passing through the origin were established by plotting the above data. From such curves, the mass of individual glycosphingolipid was calculated using a computer program. A detailed version of the computer program is available to interested investigators upon request
Measurement of phospholipids
The phospholipids were separated on silica gel HL plates (Analtech, Inc., USA) using chloroform:methanol:formic acid (65:25:4, vol/vol/vol) as developing solvent system. The chromatograms were sprayed with molybdenum blue spray reagent, and the phospholipid bands were visualized at room temperature after 2-3 min.
Quantitative analysis of phospholipids on chromatograms was performed as described (Ando et al., 1978) with a protein-DNA imaging densitometer (PDI, Boston, MA).
Measurement of free cholesterol
The free cbolesterols from neutral lipid fractions of aorta tissues were measured by GLC as described (Ishikawa et al., 1974) . To a definite amount of neutral lipid fraction 10 mg stigmasterol was added as an internal standard, and then dried under N 2 . The dried residue was dissolved in 100 JJLJ CS 2 and 50 (jJ was immediately transferred to a GC vial. Finally, 50 (xl of fresh CS 2 was added and measured by GLC.
The patients ranged in age from 43 to 79 years old; four were females and two were males. Specimens were taken from the thoracic or upper abdominal aorta as appropriate. Based on gross inspection, samples were obtained that showed either (1) normal intima without atherosclerotic lesions or fatty streaks, (2) typical fibrous atherosclerotic plaques without calcification, or (3) typical atherosclerotic plaques with calcification. For each of these three types of tissue, the intima was separated from the media. The identity of the patients from whom the specimens were obtained was not disclosed, and the procedures were carried out within institutional guidelines.
Measurement of the activity of gtycosphingolipid glycosyltransferases and gtycosidases
The activity of UDP-glucose: ceramide, Bl->4 glucosyltransferase (GlcT-1) and UDP-galactose: GlcCer pi->4 galactosyltransferase (GaTT-2) in freshly obtained aortic tissue was measured following modifications of the procedure (Basu et al., 1987) as described previously (Chatterjee et al., 1988) ; cutscum (a derivative of Triton X-100) was used as the detergent in this assay. The activity of the glycosidases was assayed employing [ 3 H]-galactose labeled LacCer and Triton X-100 as a detergent (Radin, 1972) .
Source of platelets, smooth muscle cells, monocytes, and oxidized LDL
Oxidized LDL was prepared from human plasma LDL in our laboratory (Chatterjee, 1992) . The human thoracic aorta smooth muscle cells were seeded (xlO 3 cells) in sterile plastic dishes and grown for 7 days in medium containing 10% fetal calf serum, penicillin, streptomycin, nonessential amino acids, and glutamine. Human platelets were obtained as a gift form The Johns Hopkins Hospital blood bank. THP-1 human monocytes grown in suspension culture were a gift from Ms. Bi Wee and Dr. Annabelle Rodriguez, Department of Endocrinology, The Johns Hopkins University).
Isolation and quantitation of glycosphingolipids
GSLs were isolated from the tissues according to a procedure modified from a widely-used technique (Esselman et al., 1972) . Briefly, the tissue was homogenized and washed/filtered with a sequence of 7 vol (w/v) of methanol, 14 vol (w/v) of chloroform, 10 vol (w/v) of chloroform:methanol (2:1; v/v), and 5 vol of chlorofomrmethanol (1:1 v/v). Next, the total lipid extract was partitioned using solvents as described (Folch et al., 1957) . The uppeT phase containing predominantly gangliosides was dialyzed against watCT and freeze dried. These studies will be reported elsewhere. The neutral glycosphingolipids were purified from the crude extracts by silicic acid column chromatography
Elutton of gtycosphingolipids from HPTLC plates
GSL mixtures derived from unaffected and affected fresh human aorta were separated on HPLTC plates (Merck, Darmstadt, Germany) using chloroform-:methanol:water (100:42:6, vol/vol) as solvent LacCer was purified from the mixture of glycosphingolipids as described (Taki et al., 1994) . The total GSLs were applied on HPTLC plates, the developing solvent system was chloroform:methanol:water (100:42:6, vol/vol). GSLs were made visible by spraying the plates with primuline reagent The spray reagent was prepared by adding 1 ml of 1 % primuline regent in distilled water to a mixture of acetone: water (7:3, vol/vol). After drying, the plates were placed under a UV lamp and the band corresponding to LacCer was marked with a pencil. Then, the plate was dipped into the blotting solvent (isopropanol/0.2% aq. CaClj/methanol, 40:20: 7, vol/vol) for 20 s and placed on a glass plate. First, a polyvinylidene difluoride (PVDF) membrane sheet (Millipore Corp., Bedford, MA) and then a glass microfiber filter paper were placed over the TLC plate, and the entire assembly was pressed evenly for 30 s with an iron set at 180°C. The membrane was separated from the plate and then air dried.
The marked area on the membrane that corresponded to LacCer was excised. LacCer was then extracted from the membrane by sonication for 5 min with 1 ml of chloroform: methanol (2:1, vol/vol). Extraction was done three additional times. The extracts were combined and evaporated under a stream of nitrogen. The purity of individual GSL was assessed by HPTLC and HPLC. Such purified glycosphingolipids were used in structural studies and to assess their effects on aortic smooth muscle cell proliferation.
Measurement of human aortic smooth muscle cell proliferation
Human thoracic aorta smooth muscle cells (xlO 3 ) were seeded in 96-well sterile plastic trays and grown for seven days as described above. Next, 100 n-I of Ham's F-10 medium ± 10 \iM glycosphingolipids (GlcCer, and LacCer derived from plaque and other sources; for example, GlcCer from Gaucher's spleen and stearyol LacCer) solubilized in dimethylsulfoxide were added. Following incubation for 22 h at 37°C in a 5% CO 2 , 95% air incubator, 5 |xCi per ml of [ 3 H]-thymidine containing 0.15 jiM unlabeled thymidine was added. After incubation for an additional 2 h, the cells were washed and the incorporation of [ 3 H]-thymidine into cells was measured as described previously (Chatterjee, 1992) .
Analysis of fatty acids by HPLC
Purified LacCer from platelets, OX-LDL and smooth muscle cells was subjected to alkaline hydrolysis to release the free fatty acid. The free fatty acids were derivatized with 2-nitrophenyl hydrazine hydrochloride in the presence of 1-ethyl 3-<3-dimethylaminopropyl) carbodrmide as a coupling reagent. Then, the 2-nitrophenyl hydrazide derivative was dissolved in methanol and a suitable aliquot was injected into HPLC (Miwa et al., 1985) . For fatty acid analysis a C 8 reverse phase column was used. The analysis was carried out isocratically using acetomtrile: water (85:15, vol/vol) as mobile phase. The pH of the solvent was maintained at 4.5 by adding 0.1 N HC1. The UV detector was set at 230 nm and the column temperature was maintained at 30°C.
Gas chromatography-mass spectrometric analysis of LacCer in unaffected aorta tissue and plaques
Suitable aliquots of purified LacCer preparation from unaffected aorta and plaque were subjected to acid catalyzed methanolysis (Esselman et al., 1972) . The fatty acid methyl esters were purified by partitioning with organic solvents, dried, and derivatized with trimethyl-chlorosilane reagent. The TMSi-fatty acid methyl esters suspended in hexane were injected into a Varian-3400 gas chromatograph (DB-wax capillary column; 30 meters, J and W Company, CA) that was attached to a mass spectrometer ITD-800, Finnigan ion trap detector. Helium was used as a carrier gas. Temperature programming 160°C to 250°C at 2°C per min was employed to separate the various fatty acid methyl esters. TMSi-sugars and TMSi-sphingosines were also analyzed by the use of GC-mass spectrometry, as described previously (Chatterjee et al, 1975) .
Statistical analysis
The results are expressed as mean ± SD. Statistical comparisons between values of the two given data sets were made by Student t test. Statistical significance was accepted at P < 0.05.
In this article all the bar charts, including error bars representing standard deviations were generated by using SIGMAPLOT (SIGMAPLOT, Scientific Graph System, version 1.01 for Microsoft Windows, Jandel Scientific, California, 1993) computer software.
